solid state lightings [11, 12] . Nevertheless, due to the parity forbidden transition nature, the absorption cross-section of f-f transition is small and usually high power light sources such as laser are needed to excite the Ln 3+ ions. The ability to excite Ln 3+ ions efficiently in a broad spectral range is strongly desired for realizing their full potentials in signaling and lighting applications. To improve the excitation efficiency of Ln 3+ , sensitization is an efficient way to avoid the direct excitation of the Ln 3+ . Charge transfer, electronics transfer from ligand ground states (e.g., O 1s) to the Ln 3+ excited states, has proved to be an efficient means to achieve intense Ln 3+ emissions, due to its large band absorption cross-section. By employing this strategy, commercial phosphor Y 2 O 3 :Eu 3+ has been demonstrated to be an excellent red phosphor, which can be effectively excited at Eu-O charge transfer band at 255 nm. Another strategy for efficient sensitization of Ln 3+ is via the energy transfer (ET) from semiconductor nanocrystals (SNCs), which generally possess large absorption cross-section for Ln 3+ excited states. Moreover, it is known that the exciton Bohr radius of semiconductors is much larger than that of insulators [13] , which could result in pronounced quantum confinement effect for small nanocrystals (NCs) (e.g., 2−10 nm for In 2 O 3 , ZnO and TiO 2 ). As a result, the optical properties of Ln 3+ incorporated in SNCs could be tailored via size control or bandgap engineering, which is very attractive in fabricating a nano-device for technological applications. It is anticipated that the luminescence of Ln 3+ ions can be efficiently sensitized via the energy transfer from the excited host to Ln 3+ , which thereby overcomes the inefficient direct absorptions of the parity forbidden 4f-4f transitions of Ln 3+ ions (Fig. 1) . To realize the efficient energy transfer and intense Ln 3+ PL, the successful incorporation of Ln 3+ into the lattices of SNCs is of utmost importance, which still remains a great challenge via conventional wet-chemical methods especially for some widely used wide bandgap 
solid state lightings [11, 12] . Nevertheless, due to the parity forbidden transition nature, the absorption cross-section of f-f transition is small and usually high power light sources such as laser are needed to excite the Ln 3+ ions. The ability to excite Ln 3+ ions efficiently in a broad spectral range is strongly desired for realizing their full potentials in signaling and lighting applications. To improve the excitation efficiency of Ln 3+ , sensitization is an efficient way to avoid the direct excitation of the Ln 3+ . Charge transfer, electronics transfer from ligand ground states (e.g., O 1s) to the Ln 3+ excited states, has proved to be an efficient means to achieve intense Ln 3+ emissions, due to its large band absorption cross-section. By employing this strategy, commercial phosphor Y 2 O 3 :Eu 3+ has been demonstrated to be an excellent red phosphor, which can be effectively excited at Eu-O charge transfer band at 255 nm. Another strategy for efficient sensitization of Ln 3+ is via the energy transfer (ET) from semiconductor nanocrystals (SNCs), which generally possess large absorption cross-section for Ln 3+ excited states. Moreover, it is known that the exciton Bohr radius of semiconductors is much larger than that of insulators [13] , which could result in pronounced quantum confinement effect for small nanocrystals (NCs) (e.g., 2−10 nm for In 2 O 3 , ZnO and TiO 2 ). As a result, the optical properties of Ln 3+ incorporated in SNCs could be tailored via size control or bandgap engineering, which is very attractive in fabricating a nano-device for technological applications. It is anticipated that the luminescence of Ln 3+ ions can be efficiently sensitized via the energy transfer from the excited host to Ln 3+ , which thereby overcomes the inefficient direct absorptions of the parity forbidden 4f-4f transitions of Ln 3+ ions (Fig. 1) . To realize the efficient energy transfer and intense Ln 3+ PL, the successful incorporation of Ln 3+ into the lattices of SNCs is of utmost importance, which still remains a great challenge via conventional wet-chemical methods especially for some widely used wide bandgap , each has its unique electronic structure and characteristic spectral signature, and thus multiple color outputs from visible to near infrared (NIR) can be achieved by doping with different Ln 3+ ions, which is appealing for their technology applications. Moreover, because the 4f orbitals of Ln 3+ are shielded by the filled 5s 2 5p 6 sub-shells and prevented from the interaction with ligands, the emission features of Ln 3+ vary little at different hosts. It should be noted that the inter-configuration of 4f electrons are parity forbidden, thus the photoluminescence (PL) of Ln 3+ ions in various hosts is usually featured by sharp lines, long luminescent lifetime, and large Stokes/ anti-Stokes shifts, which render the Ln 3+ ions applicable in the fields of sensitive optical detectors and pure-color
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SNCs with large discrepancy of ionic radius and charge between Ln 3+ and the host cations such as ZnO, ZnS, CdS [14] . In spite of this, considerable efforts have been devoted to the synthesis and optical property tuning in Ln 3+ ions doped SNCs in the past few years [15−34] . Although, in most cases reported in the literature [35−39] , only broad emission lines of Ln 3+ ions located at the surface of SNCs were obtained, it proved that Ln 3+ can be incorporated into the SNC lattice site via judiciously designing the synthesis strategies. Diverse Ln 3+ ions have been successfully embedded into the lattices of SNCs such as ZnO, TiO 2 , SnO 2 , In 2 O 3 , and Ga 2 O 3 via various wet-chemical methods. As a result, intense and sharp emission lines of Ln 3+ ions ranging from visible to NIR regions were realized in most SNCs via host sensitization. Moreover, multiple sites of Ln 3+ with different crystal-field (CF) surroundings could be explicitly identified in various SNCs by using site-selective and time-resolved spectroscopy. Based on the abundant experimental CF levels of multiplets of Ln 3+ ions within the SNC lattice sites identified from the highly resolved and intense emission and excitation lines of Ln 3+ , many efforts had been devoted to the energy level fitting and thus to explore the CF surroundings experienced by the Ln 3+ ions. As a consequence, the obtained CF parameters are particularly important in optimizing optical performance for further technological applications of the materials.
Previously, the optical properties of Ln 3+ in SNCs were occasionally summarized in several reviews [40−43] . However, a comprehensive survey covering the preparation strategy, optical properties, and electronic structures of Ln 3+ in SNCs is still lacking so far. This review mainly concentrates on the electronic structures and optical properties of Ln 3+ ions doped in SNCs that were synthesized by using various methods. It is organized as follows. First, the most representative synthetic strategies to prepare SNCs with Ln 3+ embedded in the host lattice site are briefly introduced. Then, the CF structures of Ln 3+ ions in SNC lattice sites derived from the energy level fitting are summarized and discussed. Finally, the doping locations and the host sensitized luminescence of Ln 3+ ions in SNCs are probed and revealed.
SYNTHESIS TECHNIQUES
To realize efficient energy transfer from host materials to Ln 3+ ions, the distance between energy donor and acceptor should be small enough (usually less than 5 nm). To meet this requirement, it is essential to incorporate Ln 3+ ions into the SNCs lattice. It is well known that the dopant situation in a host is closely related to the ionic radius and charge difference between dopant ions and host cations. For III-VI SNCs, such as In 2 O 3 and Ga 2 O 3 , the Ln 3+ dopant ions and host cations have similar ionic radius and the same charge. Thus In 2 O 3 SNCs with Ln 3+ ions embedded in the host lattice can be easily obtained by chemical methods [44] . However, for II-VI and IV-VI SNCs, such as ZnO, ZnS, and TiO 2 , due to the large mismatch in ionic radius between Ln 3+ and host ions (e.g., 0.086-0.103 nm vs. 0.061 nm for Ti 4+ , for coordination number VI) [45] and their charge imbalance, it is notoriously difficult to incorporate Ln 3+ ions into the SNCs lattice through conventional chemical methods. To this end, diverse chemical and physical methods had been attempted to synthesize Ln 3+ doped SNCs as briefly reviewed in Table 1 . In some special cases, it was found that, Ln 3+ ions could be effectively incorporated into a metastable lattice site of SNCs usually accompanied with lattice distortion and charge compensation.
To effectively incorporate Ln 3+ ions into SNC lattice site via wet chemical approach, it is essential to retain the dopant ions within the SNC matrix during the nanocrystal growth process. Sol-gel process has proved to be an effective way to capture the Ln 3+ ions. During the hydrolysis process of the precursor molecules, Ln 3+ ions can be readily bonded to the host ionic ions via oxygen bridges. With the particle growth, Ln 3+ ions can be embedded into the host matrix (Fig. 2a) . However, it should be noted that the as-prepared NCs by sol-gel method are usually in amorphous nature, and post heat treatment is thus needed to yield crystallized samples. In this case, lanthanide ions are thermally metastable in the glassy host matrix, and careful heat treatment should be conducted since high-temperature annealing may result in self-purification process and thus Ln 3+ ions might be expelled from the crystallized lattice and form separated phase [46] .
Another approach to increase the contents of Ln 3+ ions in the host crystal lattice is shell overgrowth, which was successfully applied to increase doping level of transition metal and Ln 3+ ions in SNCs [168−171] . By epitaxial growth of additional layers of host material, the surface dopant ions will be transferred to the lattice sites (Fig. 2b) . Recently, 
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Martin-Rodriguez and co-workers [171] presented a facile way to incorporate Yb 3+ ions into the CdSe quantum dots (QDs) through epitaxial growth method, and enhanced energy transfer from CdSe host to Yb 3+ ions was achieved. As shown in Fig. 3a , CdSe QDs were used as core templates, and the Yb and Se were then successively coated onto the CdSe QDs surface. During the shell growth process at high temperature of 265ºC, the Yb 3+ ions can diffuse into the CdSe host lattice. During the doping process, the morphology and dispersity of the nanoparticles can be retained (Fig. 3b) . Fig. 3c 
ELECTRONIC STRUCTURES OF LANTHANIDE IONS IN SNCs
Crystal-field theory of Ln
3+
The electronic structure of Ln 3+ is closely related to their locations in the host [172] . A slight variation of local structure around Ln 3+ ions will lead to a significant change in the CF of Ln 3+ . It is a general practice to perform the energy-level-fitting by the parameterization of an effective operator Hamiltonian including free-ion (FI) and CF interactions. The commonly used effective operator Hamiltonian is
where the FI Hamiltonian can be expressed as ( 1) (
There are up to 20 FI parameters in Equation (2). The predominant terms in this Hamiltonian are the electrostatic and spin-orbit interactions represented by parameters F k and ζ f . The configuration interactions (α, β, γ), spin-spin and spin-other-orbit interactions (M h ), the two-body electrostatically correlated magnetic interactions (P f ), and the three-particle configuration interactions (T i ) represent higher order interactions that are essential in order to accurately reproduce the energy level structure of f-element ions. The physical meaning of these FI parameters has been described by Crosswhite and Carnall et al. [173, 174] .
The single-particle CF Hamiltonian is expressed in Wybourne's notation [175] ,
The values of k and q are limited by the site symmetry of Ln ions, since the Hamiltonian must be invariant under the operations of the point group symmetry. In the low site symmetry, all the independent CF parameters except B o k are complex, each having real and imaginary parts denoted by ReB q k and ImB q k . It should be noted that the CF parameters defined in Wybourne's notation are complex conjugate to their counterparts in Morrison's definition [176] .
The scalar CF strength (S) that reflects the overall CF interaction in the crystal can be calculated according to Chang's definition [177]     
Ln
3+ doped TiO 2 NCs
Eu
3+
The high-resolution site-selective PL excitation and emis- 
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sion spectra of TiO 2 :Eu 3+ at 10 K, 47 CF levels at C 2v site and 42 CF levels at D 2 site were experimentally determined as listed in Table 2 [178]. Thereafter, the energy level fitting was performed by Ma et al. [179] by allowing the variation of both 9 CF parameters and FI parameters such as Slater integrals and spin-orbit coupling constant. The fitted energy levels are compared with the experimental values in 
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certainty in the location of some energy levels due to the spectral overlap of three site emissions in some wavelength region under the current experimental conditions. Table 3 lists the final FI and CF parameters of the fit. By adopting the CF parameters in Table 3 , the value of S is determined to be 751 and 1095 cm −1 for Eu 3+ ions at the C 2v and D 2 site in anatase TiO 2 NCs, respectively, which are slightly larger than that at the C 2 site of Gd 2 O 3 and double of that at the C 2v site of LaF 3 [182] , indicating the large CF experienced by Eu 3+ in TiO 2 . The relatively large CF strength may be due to the great lattice distortion and site symmetry descending at Ln 3+ sites since a lower point-group symmetry occupied by Ln 3+ ions in the host usually results in a larger CF strength [183] .
Er
3+
Fine CF splittings experienced by Er 3+ in anatase TiO 2 NCs were observed in high-resolution PL excitation and emission spectra at 10 K (Fig. 4) . Fig. 4a a) Ref. [179] ; b) Ref. [180] ; c) Ref. [181] ; d) Ref. [115] ; e) Ref. [83] ; the values in parentheses are errors in the indicated parameters which were freely varied in the fit. f) The rms deviation between the experimental and calculated energies was used as a figure of merit to describe the quality of a fit, with
where N is the number of levels fit, and P is the number of parameters freely varied. g) The FI parameters in brackets were adopted from Sm 3+ in LaF 3 crystals in Ref. [174] [178] . According to the high-resolution PL excitation and emission spectra at 10 K, 45 CF levels belonging to 12 different SLJ multiplets of 4f 11 configuration of Er 3+ were experimentally determined (Table 4) and subjected to energy level fitting [180] . The energy-level-fitting was performed using the f-shell empirical programs of Prof. Reid, which enabled a complete diagonalization without truncation of the 4f 11 wave functions [185] . In the least-square fitting of CF energy level structure, five FI parameters (E avg , F k , ζ f ) were allowed to vary freely whereas the others of M ; secondly, finely tuning the above fit by introducing the remaining FI parameters, or adding more CF levels of other multiplets such as those congested levels, or both; thirdly, relocating or reassigning those uncertain CF levels that would result in anomalously large rms deviation of the fit, and finally simultaneously varying the free parameters to fit the 45 CF levels. An rms deviation of 25.1 cm −1 based on the C 2v symmetry was obtained in the final fit, which is smaller than that based on the D 2d symmetry (31.7 cm −1 ), indicating that the fitting based on C 2v is more reasonable in energy. The fitted energy levels for the D 2d and C 2v site symmetries are compared with experimental values in Table 4 . The optimal FI and CF parameters are listed in Table 3 . By adopting the CF parameters in Table 3 , the value of S was determined to be 549 cm −1 for Er 3+ ions at the C 2v site in anatase TiO 2 NCs, ) [177] , but about two times that at the C 2v site in LaF 3 (S = 257 cm −1 ) [186] , indicative of a strong CF interaction experienced by Er 3+ .
Sm
3+
Different from the multiple sites of Sm 3+ in anatase TiO 2 NCs in our previous work [187] , single lattice site of Sm 3+ was detected in anatase TiO 2 NCs by Kiisk and co-workers [181] , which enabled the precise assignment of experimental electronic state of Sm 3+ in TiO 2 crystals. As shown in Fig. 5a , the shape and position of the emission lines are alike to that selected out under the excitation at 416.2 nm of Sm 3+ in anatase TiO 2 prepared by sol-gel solvothermal method [187] , indicative of the essentially same CF environment around Sm 3+ in these two sites. Besides, well resolved emission lines of Sm 3+ were also observed in rutile TiO 2 crystals (Fig. 5b) , which exhibits significantly different emissive behavior from that of Sm 3+ in anatase phase, indicative of the totally different local symmetry of Sm 3+ in these two crystal phase.
In all, 16 energy levels belonging to 6 H J (J= J=5/2, 7/2, 9/2, 11/2) multiplets of Sm 3+ in anatase or rutile TiO 2 NCs were located and assigned as listed in Table 5 . Due to the Table 5 . The optimal CF parameters are listed in Table 3 . By adopting the CF parameters in [188−190] with a large exciton Bohr radius of 2.14 nm [191] . Due to the similarity of ions radius and charge between In 3+ and Ln 3+ ions, Ln 3+ ions can be easily incorporated into the In 2 O 3 nanocrystal lattice by replacing In 3+ . According to the crystal structure of In 2 O 3 which crystallizes with the C-type Y 2 O 3 structure, two distinct sites are expected for Ln 3+ in the In-lattice, namely a low symmetry site of C 2 and a centrosymmetric site of S 6 .
The optical properties of Ln 3+ in In 2 O 3 NCs have been sporadically reported in recent years [29,192−195] . Kim et al. [193] and Choi et al. [194] [29] , due possibly to the host sensitization. Antic-Fidancev and co-workers [195] are significantly different from that reported by Antic-Fidancev et al. [195] , which is most probably due to much less experimental data (only 21 CF levels) included in their energy-level-fitting and thus the less reliability of the sixthrank parameters than that of the second-and fourth-rank parameters. The obtained CF parameters are also compared with that of cubic Y 2 O 3 :Eu 3+ [196] . The FI and second-rank CF parameters of fitting results are close to that at C 2 site in Y 2 O 3 :Eu 3+ , but the other CF parameters differ appreciably in magnitude. Particularly, the ImB 4 4 , ImB 4 6 , ImB 6 6 and ReB 6 6 values of Eu ) has five crystal structures and β-Ga 2 O 3 is the most stable phase, which is a semiconductor with a wide bandgap of ~4.8 eV [197, 198] . The structure of β-Ga 2 O 3 is monoclinic with a space group of C 2/m , and Ga 3+ ions occupy two crystallographic sites, namely tetrahedral and octahedral, respectively [199] . β-Ga 2 O 3 is a good host for Ln 3+ ions due to its high thermal and chemical stability and wide range of optical transparency. To date, the visible to infrared luminescence of Ln 3+ in Ga 2 O 3 have been achieved under either photon or electron excitation [59,90,98,99,104,105,200−205] . However, the Ln 3+ emission and excitation spectra previously reported show a broadband pattern rather than sharp transition lines that are typical of Ln 3+ in a crystalline environment, indicating that Eu 3+ ions might be located at the surface or close to the surface sites instead of entering the crystal lattice of β-Ga 2 O 3 . In our recent work, sharp emission lines of Eu 3+ in β-Ga 2 O 3 NCs prepared via a simple combustion method were observed (Fig. 7) , suggesting that Eu 3+ ions were embedded in β-Ga 2 O 3 nano-lattice. Interestingly, it was observed that the substitution of Eu 3+ for Ga 3+ occurred at merely single site, in spite of two crystallographically nonequivalent sites of Ga 3+ in β-Ga 2 O 3 . Spectroscopic evidence validated the local site symmetry of C s for Eu 3+ at this single site [83] . From the 10 K high-resolution excitation and emission spectra of Eu 3+ in β-Ga 2 O 3 , 71 CF levels of Eu
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3+
were identified and listed in Table 7 . The CF levels of Eu
were fitted at C s symmetry using the f-shell empirical programs from Reid [185] . The detailed fitting procedure is similar to that in 
DOPING LOCATION OF LANTHANIDE IONS IN SNCs
It is well known that the electronic structures of Ln 3+ are closely related to their locations in the host materials [172] . Because of charge imbalance and lattice distortion, multiple sites of Ln 3+ with distinct CF surroundings are prone to be formed by introducing Ln 3+ ions into the lattices of SNCs. In view of the diverse CF surroundings, such multiple sites of Ln 3+ are usually characterized by different PL patterns and decays, which will facilitate the survey of the local structures of Ln 3+ ions in SNCs by means of the site-selective or time-resolved spectroscopic techniques.
Surface location of Ln
3+ in SNCs Due to the charge imbalance and the large discrepancy of ionic radius between Ln 3+ and some of semiconductor cations, Ln 3+ ions can hardly be incorporated into such kinds of SNCs lattice via common wet chemical method. Instead, in most cases, the dopant ions are prone to accumulate on the loosely-structured surface sites of the NCs. Because of the continuous distributions of Ln 3+ in various surface sites, the luminescence spectra usually feature broad and unresolved bands.
As an example, the emission spectra of Eu 3+ ions on the surface of TiO 2 and ZnO NCs are showcased in Fig.  8 . For Eu 3+ in both samples, the PL emission spectra exhibited broad bands originating from the F 1 , indicating that Eu 3+ occupied in highly distorted non-centrosymmetric locations in the surface of SNCs. Thanks to the ease of the compensation for lattice distortion and charge imbalance on the surface, the maximal doping concentration of Ln 3+ on the outer surface sites are usually much larger than that in the inner lattices of SNCs. As shown in Fig. 8a , the PL concentration quenching did not occur even when the Eu 3+ concentration reached 16 mol.% in TiO 2 NCs. In addition to the Eu-re- . As shown in Fig. 8 , the broad defect emission bands centered at around 525 nm were observed in both TiO 2 and ZnO samples. It should be noted that the energy transfer from the hosts to surface Ln 3+ ions becomes easier with the aid of the surface defect states, as will be discussed later.
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Multiple-site structure of Ln 3+ ions
Site-selective spectroscopy Due to the discrepancy of surroundings of Ln 3+ ions in multiple sites of SNCs, both the PL emission and excitation spectra at each site usually exhibit distinctive optical characteristics in the line position and relative intensities. Site-selective spectroscopy is an effective technique to acquire the separated PL spectra of Ln 3+ at multiple sites. To successfully separate the PL spectra of Ln 3+ at each site, the primary condition is the insignificant spectral overlap between PL spectra of different sites at wavelengths selected as excitation or monitoring lines. Moreover, a low experimental temperature is commonly set to eliminate the influence of phonon broadening on the PL lines.
In our previous work, by using Eu 3+ as a sensitive structural probe, we showed unambiguously the presence of multiple sites of Eu 3+ in 9-nm hexagonal wurtzite ZnO NCs that were synthesized via a facile sol-gel method [59, 206] . As compared in Fig. 9 , two types of luminescence sites of Eu 3+ were clearly identified by means of site-selective spectroscopy at low temperature (10 K). One site ( denoted as , respectively (Fig.  9a) . Unlike site A, sharp PL excitation and emission lines of Eu 3+ with the most intense emission lines at 616.6 nm were observed (Fig. 9b) , which are originated from the Eu 3+ ions located at a lattice site with ordered crystalline environment (denoted as site B). The value of full width at half-maximum height (FWHM) of site B is much smaller than that of site A, decreasing from ~8.0 nm (the 615-nm peak) to 0.9 nm (the 616.6-nm peak). In addition to these very sharp emission lines of the 5 3+ were also detected at 10 K (Fig. 9b) , further revealing the much better crystalline surroundings for Eu 3+ at site B relative to that at site A.
The PL lifetime (τ) depends significantly upon radiative and nonradiative decay rates of the excited state, which are bound up with the crystalline environment around the dopants [172] (Fig. 10a) [178] . As illustrated in Fig. 10 NCs exhibit broadened emission lines with the most intense peak centered at 613.3 nm similar to that of Eu 3+ in glasslike phase (Fig. 10b) , which is ascribed to the distorted lattice site near the surface (marked as site I). In stark contrast, upon selective excitations at 470.7 and 472.1 nm, much sharper emission lines with the most intense peaks at 616.7 and 618.1 nm are observed relative to that of site I (Figs 10c and d) , which are originated from the lattice sites with ordered crystalline environment in anatase TiO 2 (marked as sites II and III, respectively). It should be noted that, due to the spectral overlap between the monitored ions in ZnO NCs [207] . As shown in Fig. 11a (Fig. 11b) . Owing to the time-reversal (Kramers) degeneracy for the 4f 3 configuration (Nd 3+ ), theoretically, five emission peaks for the transition from I 9/2 were identified upon direct excitation at 811 nm, which thus corroborated that the emission lines in Fig. 11b derived from the PL superimposition of at least two Nd 3+ sites in ZnO lattices. As opposed to the high-resolution site-selective spectra in Fig. 11b , such multiple Nd 3+ sites in ZnO NCs were easily distinguishable from each other in the time domain despite of the low spectral resolution (10 nm) in the frequency domain. Fig. 11c shows the TRPL spectra of ZnO:Nd 3+ NCs collected at different delay time ranging from 0 to 85 μs. The intensity of emission peak centered at 1066 nm (peak A) was observed to increase dramatically with increasing delay time, reaching the maximum at 10 μs, and then became undetectable after a delay time of 30 μs. Nevertheless, a much slower time evolution process was observed for emission peak at 1082 nm (peak B). This noticeable difference in the evolution of peaks A and B was mainly caused by the multiple luminescence centers of Nd 3+ ions in the lattice sites of ZnO NCs that possess various CF surroundings and therefore different decay behaviors [207] . doped TiO 2 NCs [178] .
Similarly, such single lattice site of Er 3+ was observed in Er 3+ doped SnO 2 NCs. By using a solvothermal approach followed by annealing in oxygen atmosphere at 800−1100°C, Er 3+ ions were successfully incorporated into the lattices of rutile SnO 2 NCs, which gave rise to typical NIR 1.54 μm emissions of Er 3+ upon excitation above the SnO 2 bandgap at 300 nm [69] . As shown in Fig. 13a , the PL excitation spectrum of Er 3+ in SnO 2 NCs is dominated by a strong UV broadband centered at 300 nm that corresponds to the bandgap absorption peak of SnO 2 NCs (Fig.  13a, left) , while the emission spectrum displays the fingerprint of Er 3+ ions (Fig. 13a, right) when indirectly excited at 300 nm, verifying the occurrence of energy transfer from SnO 2 NCs to emitters (Er 3+ ). These sharp and well-resolved NIR emission lines centered at 1551 nm are attributed to the 4 I 13/2 → 4 I 15/2 transition of Er 3+ in the lattices of rutile SnO 2 NCs. More importantly, it was found that these emission lines of Er 3+ kept unchanged in terms of line positions and splittings for the samples annealed at temperatures of 800−1100°C, indicating the identical site occupation of Er 3+ in SnO 2 NCs. Most likely, Er 3+ ions were located at a lattice site with D 2h centrosymmetric site symmetry after the replacement for Sn 4+ in SnO 2 NCs. This hypothesis was consistently supported by the absence of direct 4f-4f excitation lines of Er 3+ in the PL excitation spectrum (Fig.  13a, left) . According to the selection rule for the 4f-4f transitions of Ln 3+ ions, electric-dipole (ED) transitions are strictly forbidden for a site with a center of inversion. As a consequence, the direct 4f-4f excitation lines, which correspond to the transitions from the ground multiplet 4 I 15/2 to the excited states of Er 3+ in the visible and NIR spectral regions (380~1000 nm), are forbidden due to their ED nature. To further identify the emission lines in Fig. 13a , high-resolution temperature-dependent emission spectra were measured from 10 to 300 K based on the Boltzmann distribution nature of electrons in those sublevels of 
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HOST SENSITIZED LUMINESCENCE
Host sensitization via the energy transfer from the excited semiconductor host to Ln 3+ is considered to be an effective way to realize highly efficient luminescence of Ln 3+ for practical applications such as optoelectronic devices and flat panel displays [51, 127, 187] . In general, energy transfer involves the nonradiative energy transfer from a donor (sensitizer) to an acceptor separated in a solid by distances greater than the inter-atomic separations. The transfer is resonant if the energy matches the difference in electronic energy between levels of both the donor and acceptor systems. More often, nonresonant energy transfer involves the creation of phonons at the donor and/or acceptor sites. In case of Ln 3+ doped semiconductor crystals, the energy transfer proceeds via a quite different way, i.e., via exciton recombination. As illustrated in Fig. 14a , by absorption of an excitation photon, the electron in the valence band (VB) is excited into the conduction band (CB) with a hole left in the VB. The electron and positively charged hole form an exciton pair, which can transport through the crystal lattice. Such an exciton pair can be trapped at defect sites in the lattice such as Ln 
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recombination, if spectrally matched, the energy can be transferred from the SNC host to Ln 3+ . It's worthy of mentioning that, to achieve efficient energy transfer from host to dopant, the excited-state levels of Ln 3+ should be equal (resonant condition) or slightly lower (nonresonant condition) than the bandgap energy of SNCs. In the latter, the energy transfer occurs via phonon assistance or defect mediated way, which is commonly observed in Ln 3+ doped SNCs (Fig. 14b) , respectively (Fig. 15c) . Taken together, these results strongly imply that the Nd 3+ and Sm 3+ emissions can be achieved via an efficient nonradiative energy transfer process from TiO 2 to the dopants, which is further evidenced by the presence of the intense bandgap absorption peak of anatase TiO 2 in the excitation spectra of TiO 2 :Nd 3+ and TiO 2 :Sm 3+ NCs (Fig. 15a) . Moreover, it should be noted that the excitation lines arising from 4f-4f transitions of Nd 3+ (or Sm 3+ ) itself in the room-temperature excitation spectrum were hardly detectable, thus revealing that the sensitized emission was a much more efficient pathway than the direct excitation of Another strategy for the energy bridge in the host-toLn 3+ energy transfer process is through defect states in NCs. In Ln 3+ doped SNC systems, various defects are often generated as a result of lattice distortion and/or charge compensation due to the substitution of host cations with larger Ln 3+ ions. Particularly, in nanomaterials, large specific surface area results in plenty of diverse surface defects. All these defects may play important roles in the optical performance of Ln 3+ doped SNCs, for instance, being luminescent quenching centers, activators or energy transfer bridges.
In a nonresonant energy transfer process, phonons play a key role in bridging the energy mismatch between the bandgap of SNCs and the excited state of Ln 3+ . However, the energy transfer efficiency decreases gradually with the increase of the number of phonons involved in the energy transfer process when the phonons are more than five. To this end, an effective way to assist the nonresonant energy transfer process is using defects as intermediate states. Such defect-mediated energy transfer from SNCs to Ln 3+ ions was documented in the literature [49, 127] . In particular, Wang and co-workers [209] demonstrated a defect-mediated energy transfer pathway from the ZnO host to the Eu (Fig. 17a) . To further establish this relationship, the PL emission spectra and excited state dynamics of the as-prepared sample (EZO-1) and the counterpart annealed at 600°C in air (EZO-2) were compared in Figs 17b and c. Note that the content of oxygen vacancies in EZO-2 was remarkably reduced after annealing. Consistently, with the decrease of defects in the sample (namely, a decrease of oxygen deficiency from ∼26% in EZO-1 to ~8.4% in EZO-2), the Eu 3+ related emission decreased, thus confirming that oxygen vacancy defects acted as the intermediate state in the energy transfer process (Fig. 17d) .
Another interesting example of defect mediated energy transfer was reported by Tachikawa et al. [166] , who employed single-molecule (single-particle) fluorescence spectroscopy to investigate the PL dynamics of Eu 3+ doped TiO 2 NCs. During the PL measurements upon 405-nm laser excitation, the concentration of defects (oxygen vacancies) in TiO 2 nanoparticles could be tuned by altering the experimental atmosphere, which enables the in situ exploration of the impact of defects on the PL properties of TiO 2 :Eu 3+ nanoparticles at single particle level. As demonstrated in Fig. 18a , with the stimulation at 405-nm laser in Ar atmosphere which resulted in the increase of light induced surface defects in TiO 2 nanoparticles, the brightness of PL containing both the defect-related and Eu 3+ emissions increased dramatically. Moreover, it was found that the PL bands in the region of 500−750 nm relative to surface defect emission appeared and increased with the continu- The dependence of the PL intensity enhancement factor at 550 nm (the ratio of the differential PL intensity to the original intensity) and R value (PL intensity ratio of 5 [166] . Consequently, the decrease of R value together with the overall augment of PL emission intensity suggested that the emission of Eu 3+ at the surface site of TiO 2 NCs was greatly improved with the increase of light induced surface defects, which undoubtedly indicated that the surface defect participated in and promoted the energy transfer process from TiO 2 host to Eu 3+ ions. In addition to acting as intermediate states to enhance the host-to-Ln 3+ energy transfer, the defect may also play the role of the exciton traps in case of deep defects. The trapped excitons should be thermally released from the defect state prior to the energy transfer from the host to Ln 3+ ions. When this defect trap of excitons becomes prominent, the de-trapping process will determine the de-excitation process of excitons, i.e., the PL lifetime of Ln 3+ emitters will be significantly lengthened. In our recent work, host sensitized afterglow luminescence of Eu 3+ in SnO 2 NCs was observed at the temperature below 250 K due to the capture of excitons in the deep defects during the energy transfer process [211] . Fig. 19a shows room-temperature PL excitation and emission spectra of Eu 3+ in SnO 2 NCs. The bandgap absorption of SnO 2 NCs at 300 nm was found to dominate the excitation spectrum when monitoring the Eu 3+ emission at 588 nm (Fig. 19a, left in Fig. 19c , which exhibited essentially the same profile as that of the steady-state emission spectrum at different time intervals after the stoppage of excitation. The persistent luminescence of Eu 3+ was further revealed to arise from the trap of electron in the CB by the deep defects below the CB prior to nonradiative transferring its energy to Eu 3+ ions (Fig. 19d) .
To overcome the concern of low solubility of Ln 3+ in SNCs, more efforts have recently been devoted to designing new heterostructures such as isolator/semiconductor core-shell structure to spatially isolate the activators (Ln 3+ ) and sensitizers (SNCs) and thus to enhance the dopant concentration in the materials [212−214] acted as an energy bridge to mediate the energy transfer from CdZnS to Yb 3+ ions (Fig. 20a) . To verify this energy transfer, PL excitation, emission and excited state dynamics were investigated in detail (Figs 20b−e) . Fig. 20b shows the NIR emission spectra under the excitation directly from the 4f-5d transition at 300 nm of Tb 3+ or from band edge absorption at 472 nm of CdZnS. The PL intensity upon excitation above CdZnS bandgap was observed to be much stronger than that upon direct excitation, indicative of a more efficient excitation via host sensitization than via direct excitation. The energy transfer between the core and the shell was further confirmed by the excitation spectra in Fig. 20c . For core-only phosphors, a broad band at around 300 nm ascribed to the 4f-5d absorption of Tb 3+ dominated the excitation spectrum by monitoring the 977 nm emission of Yb 3+ . By contrast, after the growth of CdZnS shell, an intense excitation peak at 472 nm appeared in addition to the 300-nm excitation band (Fig. 20c) . The main excitation peak at 472 nm proved to originate from the CdZnS bandgap absorption, suggesting that efficient energy transfer from CdZnS to Yb 3+ ions occurred. In this case, Tb 3+ ions were found to play the key role for the sensitized emission of Yb 3+ , based on the fact that the Yb 3+ emission decreased dramatically in the absence of Tb 3+ (Fig. 20d ). The energy transfer efficiency of Tb 3+ →Yb 3+ was determined by means of the excitation dynamic experiments, which was found to increase with the increasing concentration of Yb 3+ and was estimated to be 56.4% when the Yb 3+ concentration reached 10 mol.%. It should be noted that, in such core-shell heterostructures, only small part of activators located at the interface and adjacent to the energy donors participated in the light emission, which may greatly reduce the overall luminescent efficiency of materials.
CONCLUSIONS AND PERSPECTIVES
Ln 3+ ions doped SNCs have been regarded as promising new-generation luminescent materials in view of the potential efficient energy transfer from SNCs host to Ln 3+ ions. For the past decades, many efforts have been devoted to the material synthesis and optical property tuning of this kind of materials. It was found that by carefully controlling the synthesis strategies, Ln 3+ can be effectively incorporated into the SNC host lattice via some wet chemical methods, e.g., sol-gel or hydro-(solvo-) thermal routes. Because of the large mismatch in ionic radius and charge imbalance between Ln 3+ and the host cations, multiple sites possessing various CF surroundings were usually formed after the introduction of Ln 3+ ions into the lattices of SNCs. These different luminescence centers of Ln 3+ ions can be well identified with the aid of site-selective and time-resolved optical spectroscopy. The host-to-Ln 3+ energy transfer could be readily achieved in the case that the energy levels of Ln 3+ excited states match well with the bandgap energy of SNCs. The defect states or the co-doped guest ions were found to be effective in bridging the energy gap between the CB of SNCs and the excited states of Ln 3+ ions, which might eventually enhance the host-to-Ln 3+ energy transfer efficiency. Although these findings are encouraging, some key challenges are still needed to be resolved for SNCs:Ln 3+ in order to advance their potential applications in lighting, displays and biomedical fields. First, the luminescent efficiency or absolute quantum yield of SNCs:Ln 3+ is still low, not ideal for practical applications. The improvement of the material crystallization and the introduction of proper charge compensators to reduce the defects in the SNCs system might be two effective strategies to improve the optical performance /CdZnS under the excitation at 300 and 472 nm, respectively; (c) excitation spectra of the core-shell heterostructures and the core-only phosphor; (d) comparison of excitation spectra between the samples with and without Tb doping; (e) PL decays of Tb 3+ by monitoring the 544-nm emission in the core-shell sample with variousYb 3+ contents. Adapted with permission from Ref. [213] . Copyright 2015, the Royal Society of Chemistr y.
